Apparent changes in vegetation distribution, fire, and other disturbance regimes throughout western North America have prompted investigations of the relative importance of human activities and climate change as potential causal mechanisms. Assessing the effects of Euro-American settlement is difficult because climate changes occur on multi-decadal to centennial time scales and require longer time perspectives than historic observations can provide. Here, we report vegetation and environmental changes over the past ~13,000 years as recorded in a sediment record from Bison Lake, a subalpine lake on a high plateau in northwestern Colorado. Results are based on multiple independent proxies, which include pollen, charcoal, and elemental geochemistry, and are compared with previously reported interpretations of hydroclimatic changes from oxygen isotope ratios. The pollen data indicate a slowly changing vegetation sequence from sagebrush steppe during the late glacial to coniferous forest through the late Holocene. The most dramatic vegetation changes of the Holocene occurred during the 'Medieval Climate Anomaly' (MCA) and 'Little Ice Age' (LIA) with rapid replacement of conifer forest by grassland followed by an equally rapid return to conifer forest. Late Holocene vegetation responses are mirrored by changes in fire, lake biological productivity, and watershed erosion. These combined records indicate that subsequent disturbance related to Euro-American settlement, although perhaps significant, had acted upon a landscape that was already responding to MCA-LIA hydroclimatic change. Results document both rapid and long-term subalpine grassland ecosystem dynamics driven by agents of change that can be anticipated in the future and simulated by ecosystem models.
Introduction
A distinctive geographic feature characteristic of the Colorado Rockies is the occurrence of high plateaus >2500-m elevation with complex vegetation mosaics of open grasslands, wet meadows, and tundra occurring between naturally fragmented stands of mature spruce and fir forests. Herbs, graminoids, forbs, and dwarf shrubs dominate the open expanses, while ecosystem dynamics are driven by fire; herbivory by elk, deer, and bison; and weather extremes. These areas also have an ~150-year-long history of Euro-American land use that includes hunting, mining, livestock grazing, logging, fire suppression, the introduction of invasive species, and motorized recreation (Vankat, 2013) .
Documenting past vegetation and long-term trends using Holocene length ecological histories provides a means to understand the processes that influence ecosystem change, facilitates the identification of restoration targets, and informs management decisions (Jackson and Hobbs, 2009) . Previous Holocene pollen studies from subalpine lake and bog sediments within the southern Rocky Mountains have documented changing geographic distributions of high elevation forests and treeline (Carrara, 2011; Fall, 1997; Feiler et al., 1997; Jiménez-Moreno and Anderson, 2013; Jiménez-Moreno et al., 2011; Reasoner and Jodry, 2000; Toney and Anderson, 2006) . Less is known, however, about the long-term dynamics of grassland-meadow-forest distributions (Zier and Baker, 2006) particularly on high-elevation plateaus.
Here, we present multi-proxy data from the Holocene sediments of Bison Lake in northwest Colorado, located at 3255-m elevation in a complex vegetation setting with meadows, grasslands, tundra, and forests on the White River Plateau (WRP; Figure 1 ). Holocene hydroclimate variability is documented by calcite-δ 18 O from sediment obtained at Bison Lake and nearby Yellow Lake (Anderson, 2011 (Anderson, , 2012 , which provides a rare opportunity to compare inferred landscape and ecosystem change with independently established hydroclimatic variations. Decade-to-century scale sampling resolution for the past ~13,000 years, using several proxy analyses, offers unusually detailed information about an ecosystem that few studies have targeted. The expected differences in ecosystem variations in physiographically complex mountains such as the Colorado Rockies (Redmond, 2003) necessitate landscape studies for specific ecological communities.
In addition to being one of the few multi-proxy studies in the southern Rocky Mountains, the basal age of the newly obtained Bison Lake record also provides the first minimum age for deglaciation of the WRP ice cap. The WRP ice cap was one of numerous high-elevation plateaus in western Colorado and Utah that were glaciated (Marchetti et al., 2011 , and references therein). Terminal and lateral moraine evidence for WRP glaciation indicates a lower elevation limit of 2850 m that is presumed to reflect Pinedale (~35-12 ka) or older advances based on relative correlation with other dated moraine sequences (Kirkham et al., 1997; Meierding and Birkeland, 1980) . The extent and decay of plateau ice caps provide unique paleoclimatic information because their sensitive response to changes in equilibrium-line altitude was so closely dependent on summit breadth and ice thickness (Manley, 1955; Rea et al., 1998) .
Study area
The WRP is a domal uplift of Mississippian Leadville Limestone with nearly flat lying strata and abundant karst features (Maslyn and Davis, 1979) . Bison Lake is located in Garfield County, and lies within The White River National Forest (39.764°N, 107.346°W, 3255 m, Figure 2) , and is the headwater of Deep Creek, a tributary of the upper Colorado River. The lake has natural surface water inflow and outflow stream channels, a surface area of 0.6 km 2 , and a watershed area of 1.7 km 2 with a maximum elevation of 3445 m (Figure 2 ). Mississippian Leadville Limestone is frequently exposed within the watershed (Tweto et al., 1978) . The lake occupies a northeast-facing depression confined by glacial deposits, and its maximum depth is 8.8 m. Current lake levels are 1-2 m higher than early 20th-century levels since the outflow stream was heavily modified as part of impoundments, water diversions, and logging operations that occurred across the plateau following a severe bark beetle outbreak during the early 1940s (Supplemental Material, available online).
The Bison Lake SNOTEL station operated by the Natural Resource Conservation Service since 1986 (CO-07K12S) records a mean annual temperature of −1°C and mean annual precipitation of 91 cm with ~70% of the annual total represented by snow water equivalent (SWE). Total snowfall depths range from ~3 to 12 m, and while some areas are affected by wind scouring and remain snow free throughout the winters, others remain covered throughout the summer by wind-loaded snowdrifts. Average monthly diurnal temperature variations are above freezing between May and October and monthly averages are 12°C in July and August although frosts can occur in any month. Summer precipitation is spatially variable and related to both westerly frontal boundaries and convective thunderstorms associated with monsoon flow (Redmond, 2003) .
The US Geological Survey (USGS) Southwest Regional Gap Analysis Program (GAP; USGS National Gap Analysis Program, 2005) classifies the land cover of the Bison Lake watershed as a matrix of open vegetation and forest types (Figure 3 ). This matrix is the result of the diversity of habitats created by differences in slope, aspect, exposure, and soils. Sedges (Carex trigonous) are found in shallow muddy areas along the Bison Lake shoreline, whereas dense stands of willow (Salix), with lesser amounts of at UNIV OF UTAH SALT LAKE CITY on April 23, 2015 hol.sagepub.com Downloaded from currant (Ribes), occupy rocky shorelines and inflow or outflow stream channels. Engelmann spruce (Picea engelmannii) cover the southern and western portions of the Bison Lake watershed, whereas the areas to the north and east of the lake are open subalpine grasslands, wet meadows, and rocky tundra related to slope, aspect, exposure, and soils.
Outside the watershed, the GAP land-cover maps indicate widespread occurrence of forest, woodlands, and steppe associations at surrounding lower elevations. Many of these associations include taxa that are prolific pollen producers, such as Pinus, Quercus, Artemisia, and Amaranthaceae. Although these taxa are not present in the Bison Lake watershed, high percentages of their pollen in the surface sample indicate that they contribute substantial amounts to the pollen spectra. Fir (Abies), limber pine (Pinus flexilis), Douglas fir (Pseudotsuga menziesii), and quaking aspen (Populus tremuloides) occur >5 km away between ~3000 and 2500 m. Sagebrush (Artemisia) and juniper (Juniperus) occur on dry, south-facing slopes below 2200 m (Figure 3) .
Evidence suggests that prehistoric Native Americans commonly burned grasslands as a hunting practice (Stewart, 2002) , and may have done so on the WRP. It is estimated that there were ~20,000 elk in the WRP herd ~1880 after settlement had begun by the first farmers, ranchers, and miners in or around 1863, but hunting rapidly thinned the herd thereafter (Boyd, 1970; Gulliford, 1983) . By the late 1860s, Ute tribes had been confined to a small area along the WRP (Emmitt, 1954) and publication of accurate maps by the USGS's Hayden expedition in 1876 led to rapid population of the area by Euro-Americans. By 1879, a rush for lead and silver on the WRP led to the settlement of Carbonate township, located ~1.5 km south of Bison Lake. Located on exposed bedrock, most structures were tents built to house an estimated 2000-5000 prospectors during the peak of the rush. Mining was performed on a limited scale, mostly as prospect holes (Urquhart, 1967) .
The Carbonate settlement was abandoned by 1886 as a result of failed mining claims and heavy snowfall during the winter of 1883-1884 (Urquhart, 1967) . However, large herds of livestock were introduced so rapidly that by 1885, the plateau had already been characterized as overgrazed (Boyd, 1970) . Following the establishment of public forest reserves in 1891, the USGS issued a report on WRP forest resources (Sudworth, 1900) . Subsequent management was historically focused on timber, but cattle, horses, and sheep have had their summer range on the WRP continuously since the early 1900s.
Methods
The data presented here are from a 378-cm composite sediment core obtained in 2006 and 2010 from a securely anchored floating platform in 8.8 m water depth with a modified Livingstone corer (core A06). The uppermost 31 cm and undisturbed sediment-water interface was obtained using a customized polycarbonate tube fit with a piston (core D10). The composite core chronology A06-D10 is based on five AMS radiocarbon ages of terrestrial macrofossils and 210 Pb (Table 1) . Radiocarbon ages were calibrated using CALIB 6.02 and 7.0 and are reported here as 'cal. yr BP' or as thousands of years ago, ka (Stuiver and Reimer, 1993 Whole core magnetic susceptibility was measured at 1-cm increments with a Bartington MS2 magnetic susceptibility system. Half core segments were scanned with a second-generation Cox Analytical ITRAX core scanner with Mo and Cr tubes at 1-cm resolution. The resulting output in elemental counts per minute was converted to centered natural log ratios (clr), a data treatment that eliminate effects related to physical sediment changes and corrects for the constant-sum issue of compositional measurements (Weltje and Tjallingii, 2008) . As such, elemental XRF-clr results should be considered semiquantitative. In addition to x-radiographic images (Supplemental Material, available online), ITRAX scanning also produced measurements of incoherent and coherent x-ray scattering (inc/coh), a qualitative measure of organic matter content (e.g. Burnett et al., 2011) .
Volumetric samples (1 cc) were taken at 1-cm increments for dry bulk density. Subsamples were taken every 2-cm to 220-cm depth, and every 15-20 cm thereafter, and pulverized to a fine powder for analysis of weight percentages of total carbon (TC) and total inorganic carbon (TIC) using a UIC, Inc. carbon dioxide coulometer (Englemann et al., 1985) . Percent organic carbon was calculated as the difference between TC and TIC. Percent organic matter was calculated as 2.5 times the percent organic carbon, an approximation based on the molar fraction of carbon to hydrocarbons that make up lipids, carbohydrates, and proteins (Meyers and Teranes, 2001) . Percent carbonate was calculated as TIC/0.12, where 0.12 is the molar fraction of carbon in CaCO 3 . The accuracy and precision for both TC and TIC is 0.10%.
Pollen samples (1 cc) were taken at 4-cm increments for the upper 30 cm and at 8-cm increments thereafter and were processed following the methods described in Faegri et al. (1989) . Known numbers of Lycopodium spores were added to each sample as an exotic tracer. For each sample, approximately 300 terrestrial pollen grains were identified to the lowest possible level of taxonomic classification at a magnification of 400×. Pollen counts were converted to percentages based on the sum of total terrestrial grains.
Macroscopic charcoal and macrofossil analyses were performed from contiguous 1-cm samples. Macroscopic charcoal >60 µm most likely represent local charcoal production during fires (Clark, 1988; Gardner and Whitlock, 2001; Whitlock and Millispaugh, 1996) , and for each sample, charcoal counts were obtained for the >250-and >125-µm size fractions. Totals were converted to concentrations (particle #/cm 3 ) and accumulation rates (CHAR, #/cm 2 /yr) were calculated using the age model.
Significant CHAR peaks were identified using CharAnalysis version 1.1 (Higuera et al., 2009 ; available online at http://sites. google.com/site/charanalysis). The charcoal time series was resampled using a weighted interpolation with a 40-year time step and then decomposed into low-frequency or background and peak components. Background CHAR variations were estimated within 500-year windows using a locally weighted regression robust to outliers (Lowess). Residual CHAR were calculated by subtracting background values from interpolated values to create the CHAR peak time series. Significant CHAR peaks (local fires) were identified by a locally determined threshold based on the 95th percentile of the noise distribution determined by a Gaussian mixture model and <5% probability of having originated from the same Poisson's distribution as the minimum charcoal count in the preceding 75 years (Higuera et al., 2010a) . This last test is very sensitive to abrupt changes in sedimentation rate; such an abrupt change (from 30 to 15 yr/cm), associated with the linear age model, led to the software's exclusions of a prominent charcoal peak at ~AD 1250. However, because the raw charcoal count of the sample is comparable to all other significant peaks, it is still included in our analysis. Fire frequencies were smoothed over a 1000-year moving window, but results were found to be highly sensitive to the decomposition parameter choices, and therefore, we have chosen not to present them.
Results

Age model, sedimentology, and geochemistry
An age model for the composite core A06/D10 was determined by linear interpolation between the median intercepts from the 1σ range of the calibrated 14 C ages, the depth of the 210 Pb horizon, and the age of the surface (Figure 4 ). The Dotsero tephra occurs at 205-cm depth and would correspond with a linearly interpolated age of 6020 cal. yr BP. However, that age is significantly older than the age of 5180 cal. yr BP determined from another Bison Lake core obtained in 4.5-m water depth by bracketing AMS ages of terrestrial macrofossils (Anderson, 2011) . It is also significantly older than the upper 1σ range of 5210 cal. yr BP from Dotsero lava encased wood measured by conventional radiocarbon methods (Giegengack, 1962) , suggesting that the tephra may have undergone density settling (e.g. Anderson et al., 1984) , and it is not included in the age model for core A06/D10. Surface sediment ages were determined from 210 Pb activities by the constant rate of supply (CRS) method (Appleby, 2001) . Total activity declines from surface values of 42 pCi/g to background supported values of 1.58 pCi/g by 20-cm depth (Supplemental Material, available online). Ages were linearly interpolated from the lowermost age at 20-cm depth (AD 1860, −56 cal. yr BP) to the uppermost 14 C age at 58-cm depth (698 cal. yr BP). Holocene sedimentation rates range between 0.025 and 0.035 cm/yr with higher rates of ~0.15 cm/yr during the past 150 years.
Organic matter and inorganic carbonate compose >70% of the sediment dry mass, and this composition is reflected by low bulk density values (0.05-0.45 g/cm 3 ; Figure 4 ). Organic matter is in highest concentrations (~60%) between 300-and 350-cm depth, and values steadily decline up-core with the exception of peaks between 150-to 170-cm and 180-to 190-cm depth that correspond with an abundance of bryophyte macrofossils (Drepanocladus). Bryophyte growth in deep water has been explained by low temperatures, extensive CO 2 supersaturation, and nutrient enrichment during summer stratification (Riis and Sand-Jensen, 1997). The prominent organic matter peak at 60-cm depth corresponds with a high charcoal peak centered at ~AD 1250.
Magnetic susceptibility values in the lower sections of the core are between 3 and 5 SI units with the exception of a peak at 205-cm depth that corresponds with a high-density band in x-ray images and raw XRF peaks in strontium (Sr) and iron (Fe) that identify the Dotsero tephra (Figures 4 and 5) . Highest magnetic susceptibility values (>20 SI) occur in the upper 150 cm along with . The physical properties of Bison Lake sediment (core A06/D10) on a vertical depth scale: a peak in magnetic susceptibility (black) with strontium (Sr) abundance (gray) indicates the presence of a tephra assumed to be Dotsero. Dry bulk density (DBD), percent organic matter, and calcite (black) are shown with incoherent and coherent x-ray scattering ratios (XRF inc/coh) and calcium abundances (gray) with 210 Pb and calibrated radiocarbon ages. Figure 5 . Major pollen taxa in Bison Lake, with CHAR, and detrital element abundances (Ti, K, and Fe) on a vertical calibrated age scale from 13,000 cal. yr BP to the present: Picea (blue), Pinus (green), Poaceae (red), and Artemisia (brown) pollen percentages; total CHAR and background (black); residual CHAR and peak threshold (red); local fire events (crosses, red peak at AD 1250 discussed in the text); and titanium (black), potassium (gray), and iron (rust) by XRF as centered natural log ratios (clr).
the highest density values (>0.4 g/cm 3 ) and lower organic carbon (<30%). The uppermost magnetic susceptibility variations strongly correspond to XRF changes in Fe, titanium (Ti), and potassium (K) that are derived from detrital mineral sources ( Figure 5 ). Carbonate minerals were identified as endogenic calcite (i.e. CaCO 3 formed in situ) by x-ray diffraction and scanning electron microscopy and are absent in the lower half of the core. Occurrence begins at ~200-cm depth and amounts fluctuate between 0% and 20% before a sustained maximum of 40-45% between 35 and 75 cm (~2000-500 cal. yr BP). Thereafter, calcite concentrations rapidly declined to near zero up to the present day.
Pollen and charcoal
Forty-one terrestrial pollen types were identified (Supplemental Material, available online), and ~70% of the terrestrial pollen is composed of Picea, Pinus, Artemisia, and Poaceae ( Figure 5 ). To better visualize the percentage data across pollen types with greatly differing mean values (Supplemental Material, available online), the stratigraphic profiles of important taxa are also presented in a standardized format in Figure 6 . Lowermost sediments are dominated by Artemisia, with values between 30% and 45% that subsequently decline to a Holocene average of ~20% by 9000 cal. yr BP. Between 3000 and 800 cal. yr BP, Artemisia gradually rise to 28% and then decline after ~AD 1300 (Figure 6 ). At ~10,500 cal. yr BP, Pinus reached a maximum of 35% before declining to Holocene average values near 20% by ~9000 cal. yr BP. Amaranthaceae, Quercus, and Rosaceae rise between ~9000 and 6000 cal. yr BP. Picea gradually rise after ~9000 cal. yr BP and reach a Holocene maximum of 35% between 4000 and 3000 cal. yr BP. Picea decline dramatically after 1000 cal. yr BP, from ~26% to a Holocene minimum of 5% at ~AD 1750 ( Figure 6 ). Poaceae percentages were near 15% throughout the record until ~AD 1200 after which they steadily increased to a Holocene maximum of 28% by ~AD 1800 soon followed by a rise in Populus and deteriorated pollen grains. Low pollen percentages of Picea during the 1700s and 1940s coincide with Engelmann spruce beetle outbreaks (Miller, 1970) . Thereafter, Poaceae values declined to ~10% at the present day. Abies, although present on the WRP, was not observed at or near Bison Lake, and percentages are <5% throughout the record.
Total CHAR for the record ranged between 0 and 0.6 (#/cm 2 /yr) and the statistical decomposition indicates 35 local fire events during the past ~13,000 years ( Figure 5 ). CHAR software produces a median signal-to-noise index, and the value above which peaks were interpreted here is 2.83, which is well above the value expected for records without a peak signal (e.g. 0.15 for red noise). The most recent fire peak ~AD 1850 occurred prior to the start of fire observation (~1950) precluding comparisons between known fire events and the charcoal record for the site. Higuera et al. (2010b) determined that peaks most accurately reflected fires in a subalpine forest within 1.2-3.0 km of coring sites, and lower frequency variations in total CHAR background levels were found to correlate best within 6-51 km. Similarities between the subalpine ecosystem used in this study and that at Bison Lake suggest that these estimates may be applicable, and they are hereby referred to as 'local fire events' and 'extra-local fire', respectively.
Higher background levels representing extra-local fire occurred between 12,000-11,000 and 9500-8000 cal. yr BP. After ~6000 cal. yr BP, background levels regularly rose and fell in ~500 to 1000 years frequencies followed by slightly lower background levels between ~2000 and 1000 cal. yr BP. Higher background levels and a fire event at ~AD 1250 correspond with a spike in percent organic matter and corresponding decrease in calcite (Figure 7) . Background CHAR declined during the transition into the 'Little Ice Age' (LIA), and peaks indicate local fire events during the late 1500s and early 1800s followed by the lowest Holocene background levels during the past ~100 years. To assess the significance of CHAR for selected time intervals, the accumulation data were binned and compared by t-test (Supplemental Material, available online). Middle and late Holocene means are statistically indistinguishable from each other but are significantly different from Medieval Climate Anomaly (MCA), LIA, and post-settlement periods.
Discussion
Timing of deglaciation at Bison Lake
Well-sorted, mineral-rich silt at the base of the core is low in organic matter, contains no calcite, has high density, and high in Fe, Ti, and K, all of which suggest allochthonous sedimentation 
Cal yr BP Figure 6 . Standardized Bison Lake pollen percentages as z-scores for major taxa since deglaciation are presented for visualization purposes only. To standardize the percentage values across taxa, the long-term mean was subtracted from the value in a given sample and then divided by the standard deviation.
derived from a sparsely vegetated landscape following deglaciation of the plateau. Although the bulk organic fraction of the lowermost sediments provided an age of 17,600 cal. yr BP (14,435 ± 40 14 C yr BP), the sample likely contained organic matter of aquatic origin that had incorporated old dissolved inorganic carbon (DIC). More reliable terrestrial material in the form of Picea sp. needle fragments were obtained 7 cm above the base of the core and provided an age of 12,700 cal. yr BP (10,760 ± 40 14 C yr BP) that by linear extrapolation to the base of the core suggests a minimum confining age of deglaciation near ~13,000 cal. yr BP. This age is contemporaneous with cirque glacier advances and down-slope displacement of upper treeline within the Colorado Rockies attributed to Younger Dryas (YD) cooling (Menounos and Reasoner, 1997; Reasoner and Jodry, 2000; Toney and Anderson, 2006) . High percentages of Artemisia (45%) and relatively low Picea and Pinus percentages indicate that vegetation around Bison Lake was tundra or steppe consistent with a relatively cold and dry climate. The subsequent rapid increase in organic matter between 11,750 and 11,500 cal. yr BP marks the end of the YD cool period and the establishment of Holocene levels of withinlake biological productivity.
Hydroclimate
Holocene variations in hydroclimate for the WRP region, documented by the oxygen isotope ratios (δ 18 O) of the endogenic calcite from Bison and nearby Yellow Lake, are described in detail by Anderson (2012) . Differences in hydrology of the two lakes result in each lake-water's δ 18 O reflecting different aspects of seasonal hydroclimate. Bison Lake values dominantly reflect the seasonal rain or snow balance of precipitation, whereas those of Yellow Lake reflect subsequent alteration by evaporation of light isotopes. Thus, Yellow Lake δ 18 O values during the Holocene are generally 2-5‰ higher than Bison Lake (Figure 8 ). Because evaporation and snowfall effects occur during the summer and winter, respectively, larger δ 18 O differences between the two lakes are likely the consequence of precipitation differences that occurred during summer and winter seasons.
During the early Holocene, higher δ 18 O values and smaller differences (2‰) indicate greater rainfall proportions of the total precipitation amounts and lower overall effective moisture totals, consistent with generally lower alpine lake levels during that time Yuan et al., 2013) . Bison Lake δ 18 O declines after ~3500 cal. yr BP indicate multi-century periods of grater snowfall contributions to total precipitation amounts, consistent with Neoglacial cirque and rock glacier activity and greater ENSO activity (Anderson, 2011; Refsnider and Brugger, 2007) .
Late Holocene Yellow-δ 18 O values were either constant or higher, while snowfall amounts increased and thereby indicate correspondingly more water loss by summer evaporation. However, the combined Bison and Yellow-δ 18 O data suggest that periods with colder and wetter winters during the late Holocene overcame the effects of warmer and drier growing seasons to drive positive long-term trends in net moisture balance indicated by other studies showing rising Rocky Mountain lake levels (e.g. Higuera et al., 2014; Minckley et al., 2012) . Larger δ 18 O differences characterize the periods of time when colder or wetter winters and warmer or drier summers occurred between ~2500 and 1500 cal. yr BP and during both the MCA and LIA.
Calcite abundance may also be related to hydroclimate. Calcite precipitation in Bison Lake is induced by photosynthesis of Chara macrophytes and other algae above the thermocline, where pH, temperature, and dissolved oxygen are high (9.5, ~15°C, and 11 mg/L, respectively). Surface sediments in locations above the thermocline are composed of >80% endogenic calcite, whereas calcite is absent below the thermocline with lower pH, temperature, and dissolved oxygen (~7.5, 7°C, <2 mg/L, respectively), and more dissolved CO 2 cause calcite dissolution. Thus, calcite variations in core A06/D10 could be related to changes in the strength and depth of stratification and/or rates of calcite production and dissolution related to biological productivity.
Seasonal overturn was not observed, but it seems possible that stratification would be highly variable across years with more or less spring runoff through the Holocene. Changes in biological productivity are understood from a commonly observed inverse relation between carbonate and organic matter (Dean, 1999; Wittkop et al., 2009 ). However, the highest calcite percentages of the Bison Lake record occurred during the MCA, and if this model were followed, the generally warm or dry growing seasons would have been expected to increase productivity (not decrease) and decrease calcite preservation (not increase). Alternatively, greater precipitation seasonality during the MCA could have led to thermal instability and more calcite preservation. It is also possible that marl bench development could have promoted greater calcite production by the gradual expansion of littoral areas of charophyte . Expanded view of the past 2000 years with red shading over MCA and blue shading over LIA time periods: Picea (blue), Poaceae (red), and Artemisia (brown) pollen percentages; total CHAR (gray) and background (black); local fire events (crosses); percent organic matter (blue); and calcite (green), titanium (gray), potassium (black), and iron (rust) by XRF as centered natural log ratios (clr).
growth (Dustin et al., 1986) . During the LIA, a Holocene maximum in terms of snowpack, shorter growing seasons would be consistent with more spring runoff, while lower calcite and organic matter production and higher detrital element abundances and higher magnetic susceptibility indicate reduced biological productivity and greater detrital sedimentation (Figure 7) .
Fire
Bison Lake charcoal provides the first Holocene fire history for a subalpine plateau in northwest Colorado. Here, we interpret the Bison CHAR decomposition with an emphasis on the relationships between local fire events and extra-local trends with changes in local vegetation, watershed stability, and regional hydroclimate. Other studies have shown that regional networks of multiple macroscopic charcoal records are necessary to provide meaningful regional fire interpretations (e.g. Higuera et al., 2014; Marlon et al., 2012) . Since deglaciation and throughout the Holocene, local fire events at Bison Lake have been a regular occurrence (Figure 5 ). High background levels during the early and middle Holocene are consistent with more extra-local fire when higher Bison Lake δ 18 O values suggest that winters were shorter and likely less severe, summer growing seasons were longer, and there was less overall effective moisture. Increased CHAR at ~9000 cal. yr BP corresponds with a significant peak in detrital elements, bulk density, and susceptibility that suggests more runoff from the watershed during a period of high fire severity (e.g. Dunnette et al., 2014) .
A quiet extra-local fire period occurred between ~8000 and 6000 cal. yr BP, as Picea began to expand, in a stable watershed, and biological productivity within the lake was dominated by organic carbon sedimentation. Extra-local fire cycles resume at 500-to 1000-year intervals after ~6000 cal. yr BP when the δ 18 O records indicate a steady trend toward more winter precipitation; Picea pollen reached ~20% and paleolimnologic proxies indicate a shift in the lake's nutrient and carbon budget to include carbonate, as well as abundant aquatic mosses and Botryococcus algae (Figures 4 and 8 and Supplemental Material, available online).
Extra-local fire and Picea declined after ~3000 cal. yr BP, likely driven by multi-decadal periods of greater snowfall indicated by abrupt declines in Bison Lake δ 18 O. Increases in extralocal fire between ~2500 and 1500 cal. yr BP and steady Picea pollen percentages (~25%) could reflect greater seasonality indicated by Bison and Yellow-δ 18 O, with colder or wetter winters possibly producing more fuel and warmer or drier (although likely shorter) growing seasons possibly driving more fire. High CHAR was sustained after ~900 cal. yr BP (AD 1100), with a peak at ~AD 1250 that may have been severe. The effects of this event on the landscape may have contributed to increased deposition of detrital elements soon thereafter (Figures 7 and 8 ). The ~AD 1250 fire peak corresponds with highly variable MCA hydroclimate characterized by extreme cold or wet winters and warm or dry droughtprone summers. Fire abruptly declined during the transition into the LIA after ~AD 1300 when Picea began a steep decline, and the hydroclimate proxies indicate a steep trend toward increasingly long, cold, and wet winters. Record low CHAR during the past century of Euro-American fire suppression is consistent with westwide trends of fire suppression (Marlon et al., 2012) .
Vegetation
Picea and Poaceae, the dominant taxa on the modern landscape, exhibit the most prominent pollen variations and are therefore the focus of our Holocene vegetation reconstruction (Figures 7 and 8) . Pinus pollen is also prominent, and although lodgepole pine (Pinus contorta) is present on the WRP, it is neither near the lake today nor abundant in the local spruce forest. Therefore, modern Pinus pollen grains in Bison Lake sediments are likely transported to the site by wind from extra-local Pinus contorta trees and also from limber (Pinus flexilis, present but rare on the WRP), ponderosa (Pinus ponderosa), and pinyon pines (Pinus edulis), that are common at lower elevations (Fall, 1992b; Minckley et al., 2008) . Artemisia pollen is also prominent and has been attributed to several species including the dominant steppe shrub Artemisia tridentata, the alpine species Artemisia scolpulorum (Fall, 1992a) , and perhaps other common species in this genus (such as fringed sage (Artemisia frigida)). Artemisia tridentata does not occur in the immediate vicinity of the lake but dominates the sagebrush community between 2300 and 2900 m elevation on the WRP (Figure 3) . Following the high percentages of Artemisia pollen that characterize the post-glacial environment at Bison Lake, values are near constant between 20% and 30% during the Holocene and likely reflect transport by wind from lower elevations. Similarly, Populus, Rosaceae, and Quercus pollen types varied between 0% and 10% throughout the record and probably originated from lower elevations.
The presence of Picea sp. needle fragments throughout the Bison Lake sediment record, including those that provide the basal age of 12,700 cal. yr BP, indicates that spruce forest was present from the earliest part of the record. Similarly, rapid postglacial establishment of spruce has also been documented for the San Juan and Sangre de Cristo Mountains of southern Colorado (Carrara, 2011) . There is close resemblance between early Holocene and present-day Picea and Poaceae pollen percentages (10-15% and 5-10%, respectively), suggesting a broadly similar open parkland during both periods.
A gradual increase in Picea in the early Holocene (as Pinus declined, Artemisia was constant, and Rosaceae and Quercus reached its highest levels) corresponds with higher δ 18 O values that indicate less severe winters and longer growing seasons (Figures 6 and 8) . During the late Holocene, between ~4000 and 2500 cal. yr BP, Picea reached peak abundance while the other major pollen types showed little change. This rise in spruce could represent a growth response to more moisture from winter snowfall indicated by lower δ 18 O values. After ~2500 cal. yr BP, Picea declined slightly, recovered briefly, and then steadily declined during the past 1000 years. This decrease in spruce could represent mortality in response to shortened growing seasons. However, steady amounts of Poaceae and slight rises in Artemisia concurrent with the Picea decline suggest that it had little impact on the extent of open areas.
These relatively stable Holocene vegetation patterns changed significantly after ~AD 950 and the onset of the MCA (Figures 5  and 7) . A sustained Picea decline between ~AD 950 and 1200 was paralleled by higher CHAR and δ 18 O, possibly indicating spruce mortality in response to drought and/or fire. There is little indication of significant assemblage change, however, as only Artemisia increased slightly during the initial Picea decline and Poaceae changed little. During the transition into the LIA between ~AD 1200 and 1500, expansion of herbaceous parkland appears to have been facilitated by greater snowfall and less fire as indicated by consistently low amounts of Picea and increased Poaceae, Asteraceae, and other herbs, in parallel with declines in CHAR and Bison Lake δ 18 O. A brief hiatus in the Poaceae rise and continued decline in Picea corresponds to fire episodes between AD 1550 and 1600. More open parkland appears to have developed over the next 200 years, until AD 1800 with little indication of fire. Poaceae is the dominant pollen within the assemblage at this time, and low Bison Lake δ 18 O values indicate the coldest and snowiest winters of the Holocene. The results may suggest that while Picea suffered during LIA summers, not only most likely because they were shorter but also possibly because they were drier, Poaceae thrived, possibly due to greater thermal protection provided by greater snowfall.
Very low Picea pollen (5%) at ~AD 1750, near the lowest percentages of the Holocene, along with a sharp rise in Populus, Asteraceae, and other herbs and deteriorated pollen grains, corresponds precisely with well-documented spruce beetle outbreaks on the WRP in the early 1700s (Anderson et al., 2010; Miller, 1970; Veblen et al., 1994) . However, the 100-200 years following the outbreak are not characterized by high fire. Instead, a subsequent rise in Picea pollen and decline in Poaceae suggests some closing of the parklands before fire episodes returned during the 1800s.
The multi-proxy Bison Lake record provides a new point of comparison with similar Holocene length studies that include δ 18 O-based reconstructions of hydroclimate from other locations within the Rocky Mountains that are based on comparisons between modern and paleo waters such as Foy and Jones Lakes in northwest Montana (Power et al., 2011; Shapley et al., 2009; Shuman et al., 2009) . For instance, the Holocene δ 18 O data from northwest Montana (Jones) and northwest Colorado (Bison, Yellow) indicate that a dry, rainfall-dominated early to middle Holocene, possibly related to enhanced monsoon activity, was also related to higher fire activity (Foy and Bison). The climate pattern presented by these interpretations is consistent with a growing body of evidence for negative Pacific Decadal Oscillation (PDO)-like (and Pacific North America Pattern (PNA)-like) zonal, northward displaced flow during early Holocene winters (e.g. Anderson, 2011; Liu et al., 2014) . All of the records also indicate dramatic changes in hydroclimate, in terms of both seasonality and variability, after ~3500 cal. yr BP. These changes influenced vegetation, fire, or both in ways that are consistent with greater snowfall, shorter growing season length, reduced monsoon, and greater total effective moisture associated with enhanced ENSO and more positive PDO-like (PNA-like) patterns with greater ridge and trough structure and meridional flows over North America (e.g. Barron and Anderson, 2011) .
Conclusion
The pollen, CHAR, and XRF record from Bison Lake clarifies both the timing of WRP deglaciation and the long-term dynamics of vegetation and fire for a northwest Colorado subalpine grassland ecosystem. The isotope data provide an independent measure of seasonal hydroclimatic variability, and their comparison broadly verifies a coarser pollen-based climate interpretation. However, pollen and CHAR interpretations of local to regional ecosystem dynamics in response to climate change are clearly strengthened by independent records of regional hydroclimate that include changes in seasonality. Overall, the combined proxies from Bison Lake provide consistent inferences that are summarized below.
Late glacial (13-10.5 ka)
There is no isotope data from Bison or Yellow Lakes for the period immediately following deglaciation of the WRP. A sparsely vegetated grassland was dominated by Artemisia, which declined by ~12,000 cal. yr BP as pine increased. Spruce was constantly present, and fire activity was infrequent.
Early and middle The Bison Lake δ 18 O record begins at ~10,000 cal. yr BP with the onset of calcite preservation, and high values reflect rainfalldominated seasonality and less effective moisture. A drought period is likely responsible for high fire activity that denuded the landscape between ~9500 and 8500 cal. yr BP. For the next several millennia, the grassland-forest vegetation cover was largely stable with regular fire activity. A gradual decline in pine with a rise in spruce follows a gradual change to more snowfall, consistent with summer and winter insolation trends.
Late Holocene (4-1.2 ka)
The timing of negative Bison Lake δ 18 O excursions, with the highest spruce percentages of the Holocene and lower fire activity after ~4000 cal. yr BP, suggests that the vegetation and fire changes were caused by a more snowfall-dominated precipitation balance. Therefore, a rise in detrital elements at this time appears to reflect more surface runoff from the watershed rather than reduced vegetation cover. Calcite became a greater component of lake sedimentation signifying that the hydroclimatic changes also affected lake stratification and/or biological productivity.
MCA and LIA to the present (1.2-0 ka)
The magnitudes of vegetation changes at Bison Lake that are documented during MCA-LIA periods were unprecedented in the Holocene reconstruction. Greater seasonal extremes characterize the climate variations. During the MCA, summers and winters were warmer or drier as spruce declined rapidly and fire activity increased. During the LIA, summers were still warmer or drier, but winters were colder or wetter as more open grasslands developed. Detrital elements indicate greater surface runoff, and calcite declines suggest strong lake stratification.
The pattern toward pollen of more open vegetation appears to deviate from that of nearby Antler Pond (Anderson et al., 2010) . However, other sites in forested environments show a similar trend including nearby Dome Creek Meadow and Little Windy Hill Pond in southern Wyoming (Feiler et al., 1997; Minckley et al., 2012) , Tiago Lake in north-central Colorado (Jiménez-Moreno et al., 2011) , Kite Lake in central Colorado (Jiménez-Moreno and Anderson, 2013) , and a small pond on Cottonwood Pass in central Colorado (Fall, 1997) . Although the magnitude of change is larger at Bison Lake than in any of these other records, the timing of change is similar.
By extending through the period of Euro-American settlement, the combined proxy records provide a benchmark for distinguishing and assessing the relative effects of recent land-use change from those driven by natural climate variability. These results clearly show that the Bison Lake ecosystem was in response to unprecedented Holocene hydroclimatic change as it underwent additional pressure by fire suppression, hunting, and livestock grazing practices at the time of Euro-American settlement. This confluence of drivers appears to have changed the relative balance of the dominant land cover, but it did not lead to significant alterations of ecosystem composition. The Bison Lake record of climate and environmental change appears to illustrate significant ecosystem resilience in response to both lowfrequency and short-term disturbance. Combined records of hydroclimate and ecosystem change provide a necessary longterm context for understanding the prospects of future Rocky Mountain forest health.
